MenBvac and MeNZB are safe and efficacious vaccines against serogroup B meningococcal disease. MenBvac is prepared from a B:15:P1.7,16 meningococcal strain (strain 44/76), and MeNZB is prepared from a B:4:P1.7-2,4 strain (strain NZ98/254). At 6-week intervals, healthy adults received three doses of MenBvac (25 g), MeNZB (25 g), or the MenBvac and MeNZB (doses of 12.5 g of each vaccine) vaccines combined, followed by a booster 1 year later. Two-thirds of the subjects who received a monovalent vaccine in the primary schedule received the other monovalent vaccine as a booster dose. The immune responses to the combined vaccine were of the same magnitude as the homologous responses to each individual vaccine observed. At 6 weeks after the third dose, 77% and 87% of the subjects in the combined vaccine group achieved serum bactericidal titers of >4 against strains 44/76 and NZ98/254, respectively, and 97% and 93% of the subjects achieved a fourfold or greater increase in opsonophagocytic activity against strains 44/76 and NZ98/254, respectively. For both strains, a trend of higher responses after the booster dose was observed in all groups receiving at least one dose of the respective strain-specific vaccine. Local and systemic reactions were common in all vaccine groups. Most reactions were mild or moderate in intensity, and there were no vaccine-related serious adverse events. The safety profile of the combined vaccine was not different from those of the separate monovalent vaccines. In conclusion, use of either of the single vaccines or the combination of MenBvac and MeNZB may have a considerable impact on the serogroup B meningococcal disease situation in many countries.
Candidate vaccines against Neisseria meningitidis serogroup B are usually based on outer membrane proteins because the capsular polysaccharide from serogroup B meningococci is poorly immunogenic (31) . These vaccines mainly induce strainspecific antibodies, particularly in infants (26) . Outer membrane vesicle (OMV) vaccines prepared from the epidemic strain have been shown to be efficacious in the control of clonal serogroup B epidemics (14, 25, 27) .
The OMV vaccine MenBvac was developed on the basis of a strain (strain B:15:P1.7,16) representative of the epidemic of serogroup B meningococcal disease that started in Norway in the mid-1970s. This vaccine has been shown to be safe and immunogenic and to confer protection (2, 8, 18, 19) . A similar meningococcal serogroup B OMV vaccine based on a B:4:P1.7-2,4 strain was introduced to control the ongoing meningococcal epidemic in New Zealand (7, 20, 24) . However, in most countries with a high incidence of serogroup B meningococcal disease, several different clones are responsible for the cases. Ideally, therefore, a serogroup B meningococcal vaccine should elicit protection against a wide range of clinical strains in all age groups. The two most prevalent serogroup B strains in Europe in 1999/2000 were B:4:P1.4 and B:15:P1.7,16, together being responsible for about 75% of the cases of serogroup B meningococcal disease in Europe (5, 17, 29) . Therefore, the approach of combining two different OMV vaccines, MenBvac and MeNZB, may have a considerable impact on the control of serogroup B meningococcal disease (2, 21, 27) .
Preclinical studies with mice had suggested that half the normal antigen dose of each vaccine could elicit immune responses similar to those elicited by full doses of the individual vaccines when they are administered in combination (16) and that sequential immunization with OMVs from heterologous strains could elicit broadly protective serum antibodies against serogroup B strains (15) .
When the same total amount of protein antigen and adjuvant (aluminum hydroxide) as in the monovalent vaccines is used, the safety profile of the vaccine combination was expected to be similar to those of the individual vaccines, which have both been shown to be safe and well tolerated (2, 19, 27) .
The aims of this study were to evaluate the safety and immunogenicity of (i) a combination of MenBvac and MeNZB (with half the antigen dose of each vaccine given in the same syringe) compared with those of MenBvac or MeNZB given separately in a primary schedule and (ii) a booster dose of the combined vaccine or either of the two individual monovalent vaccines (the same vaccine as given in the primary three-dose schedule or the other monovalent vaccine) (Fig. 1) .
OMVs with the detergent deoxycholate. The OMVs were purified by fractionated centrifugation and adsorbed to aluminum hydroxide (9) . MeNZB was prepared at NIPH by a similar technique from a B:4:P1.7-2,4 meningococcal strain (strain NZ98/254) (11) . This strain was kindly provided by Diana Martin of the Institute of Environmental Science and Research, Porirua, New Zealand.
One dose (0.5 ml) of either MenBvac or MeNZB contained 25 g outer membrane protein and 1.67 mg aluminum hydroxide (corresponding to 0.57 mg aluminum).
The combination vaccine was prepared by mixing MenBvac and MeNZB immediately before injection. One dose (0.5 ml) of the combination vaccine contained MenBvac (12.5 g) and MeNZB (12.5 g) and the same amount of aluminum hydroxide as either of the two separate monovalent vaccines.
Vaccinees. Healthy adults who had given written informed consent prior to study entry and who fulfilled all inclusion criteria and none of the exclusion criteria (e.g., pregnancy, chronic disease, previously having received a meningococcal B vaccine of any kind, and the previous occurrence of disease caused by N. meningitidis) were eligible for participation in the study. The subjects were mainly recruited among students in Oslo, Norway.
Administration. Three primary vaccine doses were administered at weeks 0, 6, and 12; and a booster dose was administered 1 year later. In the primary schedule (part A), the subjects were randomly assigned 1:1:1 to receive either the combined MenBvac-MeNZB vaccine, MenBvac only, or MeNZB only. For the booster dose (part B), subjects receiving MenBvac or MeNZB alone in the primary three-dose schedule were randomized in a 1:2 ratio to receive either the same monovalent vaccine used in the primary schedule or the other monovalent vaccine (crossover schedule), while all subjects receiving the combined vaccine within the primary schedule also received the combined vaccine as a booster (Fig. 1) . The vaccines were administered intramuscularly in the deltoid region of the nondominant arm.
Immunogenicity. Blood samples collected at several time points during the study were fractionated, and the serum was aliquoted and stored at Ϫ20°C. Blood samples obtained on the day of each vaccination and approximately 6 weeks thereafter were analyzed by the serum bactericidal assay (SBA) and enzyme-linked immunosorbent assay (ELISA). Opsonophagocytic activity (OPA) was assessed in sera taken at the time of the first dose and 6 weeks after the third and fourth vaccine doses.
SBA. SBA is a functional assay that measures the ability of serum antibodies to induce the lysis of bacteria in the presence of complement.
The analyses were performed in microtiter plates by the "tilt" method (3). After heat inactivation, the sera to be tested were serially diluted twofold (starting at 1:2) and were incubated for 60 min (37°C) in the presence of the bacterial inoculum (time zero samples) and human complement (25% human serum from one donor without bactericidal activity). The bacterial colonies were counted by using a colony counter (Sorcerer; Perceptive Instruments, Haverhill, Suffolk, United Kingdom), and the bactericidal titer was defined as the reciprocal of the serum dilution that killed at least 50% of the organisms. The bactericidal activities against strain 44/76 (B:15:P1.7,16) and strain NZ98/254 (B:4:P1.7-2,4) were measured for all subjects.
Opsonophagocytosis. Sera (twofold dilutions starting at 1:2) were assessed for their OPAs against live bacteria of the two vaccine strains (strains 44/76 and NZ98/254) by a respiratory burst assay using flow cytometry (1, 13) .
ELISA. Immunoglobulin G (IgG) antibodies against serogroup B OMV antigens of both strains were analyzed by ELISA. The OMV ELISA was performed as described by Rosenqvist et al. (22) . The antigens used to coat the ELISA microtiter plates were OMVs from strain 44/76 and strain NZ98/254, prepared as for vaccine production. The results are given as arbitrary units per ml (U/ml).
Safety monitoring. The subjects were monitored for selected local and systemic adverse events after each dose. These events were termed "local and systemic reactions," irrespective of their relation to the study vaccine. The subjects completed a diary card to record local reactions (i.e., erythema, swelling, induration, and pain at the injection site), systemic reactions (i.e., nausea, malaise, myalgia, arthralgia, and headache), and body temperature for 7 days following each vaccination, including the day of injection. Local and systemic reactions persisting after the first week and all other adverse events were recorded at the planned visits, while all serious adverse events were collected throughout the study.
Ethics. This study was conducted in accordance with the Declaration of Helsinki, the International Conference on Harmonization guideline for good clinical practice, and other national legal and regulatory requirements. The trial was approved by the Regional Committee for Medical Research Ethics and the Norwegian Medicines Agency. All subjects signed informed consent before any trial activities were performed.
Statistical methods. SBA geometric mean titers (GMTs) against the two vaccine strains (strains 44/76 and NZ98/254) and OPA GMTs against the two vaccine strains and the associated 95% confidence intervals (CIs) were computed for each vaccine group from a one-way analysis of variance.
The proportion of subjects with an SBA titer or an OPA titer of at least 4 (1:4 serum dilution) against the two vaccine strains and the associated 95% CIs were also computed for each vaccine group from a one-way analysis of variance.
Also the proportion of responders, defined as subjects showing a fourfold or greater increase in bactericidal activity from the baseline (to a minimum titer of Ն1:4), to the different meningococcal strains and the associated 95% ClopperPearson CIs were calculated. The differences between the vaccine groups were obtained by use of a categorical linear model.
The IgG antibody responses, measured by ELISA as the geometric mean concentration (GMC) against OMV antigens from both vaccines, are presented with the associated 95% CIs and were determined by use of the same methods described above.
All analyses were performed by using SAS software (version 8.2 or higher). All demography and safety analyses were run descriptively. 
RESULTS
A total of 91 subjects were given at least one vaccine dose: 31 in the combination group, 30 in the MenBvac group, and 30 in the MeNZB group (Fig. 1 ). The treatment groups were similar regarding age, sex, and ethnic origin. The mean age at the time of inclusion was 23 years in all three groups, and the age range was from 19 to 35 years. In all groups a majority of the participants were females (70% in the MenBvac group, 80% in the MeNZB group, and 90% in the combined group), and the majority of the subjects were of Caucasian origin (84% in the combined group and 87% in the other two groups). Fifty-two subjects were available for the booster vaccination after 1 year.
Immunogenicity. (i) Part A, primary immunization schedule. (a) SBA. A gradual increase in SBA titers against both strain 44/76 and strain NZ98/254 was observed after each dose in all vaccine groups ( Table 1 ). The largest increase in the GMT against strain 44/76 was observed in the MenBvac group, in which the GMT amounted to 13 at 6 weeks after the third dose; and the largest increase against strain NZ98/254 was observed in the MeNZB group, with a GMT of 8.4 at 6 weeks after the third dose (Table 1) . However, the differences between the vaccine groups were not statistically significant for any of the strains.
At the baseline, the proportions of subjects with SBA titers of Ն4 against strain 44/76 ranged from 13% to 25%. These proportions increased to 78% in the MenBvac group, 77% in the combined group, and 58% in the MeNZB group at 6 weeks after the third dose ( Table 1 ). The proportions of responders to strain 44/76 were similar in the MenBvac group (52%; 95% CI, 31 to 73%) and the combined group (53%; 95% CI, 34 to 72%) at 6 weeks after the third dose, while it was lower in the MeNZB group (heterologous strain) (38%; 95% CI, 20 to 59%).
At the baseline, the proportions of subjects with SBA titers of Ն4 against strain NZ98/254 ranged from 15% to 29%. At 6 weeks after the third dose the proportions of subjects with SBA titers of Ն4 reached 81% in the MeNZB group and 87% in the combined group. In the MenBvac group, the proportion of subjects with SBA titers of Ն4 against this heterologous strain was 65% (Table 1 ). The proportions of responders to strain NZ98/254 were similar in the MeNZB group (50%; 95% CI, 30 to 70%) and the combined group (53%; 95% CI, 34 to 72%) at 6 weeks after the third dose, while it was lower in the MenBvac group (heterologous strain) (30%; 95% CI, 13 to 53%).
However, the differences in the immune responses between the vaccine groups were not statistically significant for any of the two strains.
(b) Opsonophagocytosis. The highest increase in the mean OPA GMT against strain 44/76 at 6 weeks after the third dose was observed in the MenBvac group, while the highest increase in the OPA GMTs against strain NZ98/254 was observed in the combined group (Table 2) .
The proportions of subjects with a fourfold or greater in- crease in the OPA titer against strain 44/76 were high in all vaccine groups and amounted to 96% in the MenBvac group, 82% in the MeNZB group, and 97% in the combined group. The proportions of subjects with a fourfold or greater increase in the OPA titer against strain NZ98/254 were also high and amounted to 100% in the MeNZB group, 88% in the MenBvac group, and 93% in the combined group. (c) ELISA IgG antibodies. At the baseline, the GMCs of IgG antibodies against OMV antigens were similar in the three vaccine groups. A gradual increase in GMCs was observed after each dose in all vaccine groups. For OMVs from strain 44/76, the largest increase in the GMC at 6 weeks after the third dose was observed in the MenBvac group (Table 3) . For OMVs from strain NZ98/254, the largest increase in the GMC of IgG was observed in the combined group (Table 3) .
(ii) Part B, booster dose. (a) SBA. The highest SBA GMTs against strain 44/76 at 6 weeks after the booster dose were observed in the group receiving three doses of MenBvac plus one dose of MeNZB and in the group receiving three doses of MeNZB plus one dose of MenBvac. After the booster dose the proportions of subjects with SBA titers of Ն4 against strain 44/76 ranged from 67% in the group receiving three doses of MeNZB plus one dose of MenBvac to 85% in the group receiving three doses of MenBvac plus one dose of MeNZB group (Table 4) .
The highest SBA GMT against strain NZ98/254 at 6 weeks after the booster dose was observed in the group receiving three doses of MenBvac plus one dose of MeNZB. After the booster dose the proportions of subjects with SBA titers of Ն4 ranged from 67% in the four doses of MenBvac group to 89% in the combined group (Table 5) .
The SBA responses tended to be higher in the groups receiving at least one dose of homologous or combined vaccine, but the low number of subjects in each treatment group does not allow for any definite conclusions.
(b) Opsonophagocytosis. The highest mean OPA GMTs against strain 44/76 at 6 weeks after the booster dose were observed in the group receiving three doses of MenBvac plus one dose of MeNZB (Table 4 ). The highest mean OPA GMTs against strain NZ98/254 at this time point were observed in the group receiving three doses of MeNZB plus one dose of MenBvac (Table 5) .
In this study the OPA booster responses were highest in the groups receiving at least one dose of the respective strainspecific vaccine or the combined vaccine.
(c) ELISA IgG antibodies. At 6 weeks after the booster dose, the highest GMCs of IgG against OMVs from both strain 44/76 and strain NZ98/254 were observed in the group receiving three doses of MeNZB plus one dose of MenBvac (Tables 4 and 5 ).
The results indicate that the ELISA IgG titers against OMVs were highest in the groups receiving at least one dose of the strain-specific vaccine or the combined vaccine.
Safety. No serious adverse events occurred in the study, and no adverse events led to a subject's withdrawal from the study.
Local (injection site) reactions. Pain at the injection site was the most commonly reported local reaction both within the primary immunization schedule and after the booster dose and was reported by all or all but one or two subjects in all vaccine groups. The severity profiles for pain at the injection site were similar between the vaccination groups, with most pain at the injection site reported as either mild or moderate. Severe pain was reported by 23% of the subjects or less after each dose in all vaccine groups.
Induration at the injection site was the second most frequent local reaction both within the primary immunization schedule and after the booster dose and was reported by 30% of the subjects or less after each dose. Severe induration (diameter, Ͼ50 mm) was reported by two subjects (11%) or less after each dose in all vaccine groups. Swelling and redness were also common, but at the most one subject in each vaccine group reported swelling or redness of Ͼ50 mm in diameter. Pain at the injection site was the most persistent local reaction in all vaccine groups. Most local reactions still ongoing on day 7 were reported to be mild or moderate in severity.
Most local reactions began within 48 h after vaccination. Overall, the frequency and the severity profiles of the local reactions were similar in the different vaccine groups and did not appear to correlate to the number of doses received by the subjects (Fig. 2) .
Systemic reactions. The most commonly reported systemic reactions were malaise and headache, which were reported by from 29 to 50% of the subjects across the three vaccine groups within the primary vaccination series (Fig. 2) . A severe intensity of systemic reactions was reported by only a few subjects, and the majority of all systemic reactions were short lasting.
There was a trend for the systemic reactions to be more frequently reported after the booster dose than after the first three doses.
The overall frequency and the severity profile of each systemic reaction were similar among the three vaccine groups within the primary immunization schedule, while variations were observed for the booster dose, likely due to the small number of subjects per group (Fig. 2) .
Three subjects (one in the MenBvac group and two in the MeNZB group) experienced mild fever (38°C to Ͻ39°C) within the three-dose primary schedule, and one subject (in the group receiving four doses of MeNZB) experienced mild fever after the booster dose.
DISCUSSION
Use of a combination of the two safe and efficacious vaccines, MenBvac (2, 19) and MeNZB (21) , is one way to increase protection against serogroup B meningococcal disease when different strains are circulating. These two vaccines will cover the most commonly occurring serogroup B strains in many European countries (17, 29) . The results from the primary immunizations showed that the combined vaccine was immunogenic with regard to both vaccine strains and that the responses were of the same magnitude as the homologous responses observed for each individual vaccine, even though the dose was only half. No negative interaction either with regard to immunogenicity or with regard to safety was observed when the combined vaccine was given. For both strains, there was a trend toward higher titers/responses in all four groups receiving at least one dose containing the respective strain-specific (homologous) vaccine than in the group receiving all four doses of the vaccine against the heterologous strain.
Although the number of vaccinees analyzed in this study was small, the results shown here (Table 4 and 5) indicate that subjects who are primed earlier with three doses of an OMV vaccine based on a heterologous strain will probably obtain protection after a booster dose of a vaccine based on the epidemic strain. Similar observations were reported by Moe et al. after sequential immunization of mice and guinea pigs with OMVs and microvesicles from different heterologous meningococcal strains (15) . Luijkx et al. have also studied a primeboost strategy with heterologous OMV vaccines in mice (12) . Their conclusion was that a specific priming rather than a specific boosting with monovalent OMVs resulted in a significant rise in the serosubtype-specific immune response against a weakly immunogenic PorA.
In this study two functional tests measuring antimeningococcal activity, SBA and OPA, were used. The SBA measures functional antibodies with bactericidal activity, and for serogroup B, SBA titers of Ն4 have been suggested to correlate with protection (4, 10) . It has been suggested that OPA is also an important defense mechanism against meningococcal infections, especially those caused by serogroup B organisms (23, 28) . Only antibodies that bind to the surface of live meningococci will induce OPA, and OPA thereby reflects the cellular killing of meningococci induced by specific antibodies. Both mechanisms are probably important for protection against meningococcal disease. In our study a higher proportion of subjects responded in the OPA assay than in the SBA, suggesting that the protection elicited by the vaccines tested may be higher than the results from the SBA indicate.
In countries where several different serogroup B strains are responsible for systemic meningococcal disease, cross-reactive antibodies are of importance. Although the OMV vaccines are mainly PorA specific in infants (26), significant cross-reactivity was observed in adolescents and adults (5, 8, 22, 26) . In this trial significant cross-reactivity between the two tested strains was also observed. However, the cross-reactivity against more strains and clones needs further investigation.
This study was conducted with adults since it was the first time that this vaccine combination was tested. However, the proposed schedule for the combination could be used for individuals down to the age of infants. It is reasonable to assume that in younger age groups the safety and reactogenicity profiles as well as the positive interaction profile of this combination will be similar to those in older individuals.
The concept of combining outer membrane proteins from different strains in one vaccine has also been investigated by others. Similar to the bivalent vaccine that we have described here, Boutriau et al. (5) tested another bivalent serogroup B OMV vaccine, prepared with a combination of B:4:P1.19,15 and B:4:P1.7-2,4 meningococcal strains. In that study the bivalent vaccine was demonstrated to induce bactericidal antibodies against both the vaccine-homologous, PorA-related strains and heterologous strains. Other trials investigating combined OMV vaccines based on several PorA proteins from different strains have demonstrated large variations in the responses to the individual PorA proteins (6, 30) .
The safety profiles of the combined vaccine and the vaccines given within the crossover regimen were similar to those reported in other studies showing that MenBvac (8, 19) and MeNZB (21) are safe and well tolerated when they are given separately within a classical vaccination schedule.
More specifically, the most common adverse reaction was local pain, which is consistent with earlier data (18) . Most of the local and systemic reactions were of mild or moderate intensity. Subjects who experienced local reactions of severe intensity after the first vaccine dose did not frequently report severe local reactions after the subsequent doses. Adverse events other than local and systemic reactions were not commonly reported, and no serious adverse event possibly related to the administration of MenBvac or MeNZB was reported. Although all three vaccine regimens were reactogenic, the benefits of immunization with either vaccine by far override the risks in an epidemic setting or local outbreak. A combined vaccine might at present be the best option if different strains of serogroup B are included in the clinical picture.
In conclusion, the results obtained with the primary immunization schedule showed that the combined vaccine was immunogenic with regard to both vaccine strains and that the responses were of the same magnitude as the homologous responses observed for each individual vaccine, although the antigen amount was only half that of the monovalent vaccine. This may have a great impact in outbreaks of serogroup B meningococcal disease caused by different strains.
